Introduction {#Sec1}
============

The rapid growth in global population and industrialization have indeed put stress on the natural resources and put tremendous challenges to the ecosystem \[[@CR1]--[@CR3]\]. Since textile industry utilizes great amount of water, global water resources are facing a great stress. Consequently, controlling water pollution is necessary \[[@CR1]\]. One of the growing concerns from textile industry includes high water consumption and discharge of polluted water to the environment. The main causes of pollution include bleaching, dying, and the use of different chemicals on the fabric in which around 10--15% of the used dyes passes into the effluents \[[@CR2]\]. Usually, to process a ton of textile, around 150 m^3^ of water is utilized in which 80% of the industrial wastewater is discharged to the environment \[[@CR3]\]. Typically, aqueous dyeing demands 100--180 L of water to dye 1Kg of fibers \[[@CR4]\]. Textile industry is considered as one of the biggest polluters of clean water. Around 8000 different chemicals and more than 3000 various types of dyes are consumed by textile industry in various processes including bleaching, dyeing, printing, and finishing. Most of these chemicals either have a direct or indirect impact on human health, aquatic life or cause water or soil pollution. Furthermore, various studies have mentioned that 280,000 tons of textiles dyes are discharged as industrial effluent each year \[[@CR5]\]. These effluents include heavy metals and toxic compounds, which pose direct threat to the aquatic life, plants, soil, and human health. However, textile dyes mostly affect the water bodies, leading to alteration of the watercolor, deterioration of the water quality, as well as harming the aquatic organisms \[[@CR6]\].

Textile dyes affect the environment in many ways such as preventing the sunlight penetration, which might cause eutrophication. As a result, causing disturbance in water ecology due to the low photosynthesis rate \[[@CR7]\]. Moreover, it is reported that some of the textile dyes are considered carcinogenic for human health and should be treated and remediated before being released into the water bodies \[[@CR8]\]. The process involved in industrial dyeing are very complicated due to the presence of inorganic salts, surface-active agents, high alkali pH, fibers and dyes \[[@CR9]\]. In addition, dyes contain chromophores and auxochromes, which are used to detect the type of the dye i.e. acidic, basic, disperse, reactive, azo, diazo and anthraquinone based on the chromophores \[[@CR10]\]. Dyes are mainly characterized based on the ionic categorization, which strongly affects the efficiency of the adsorption. The non-ionic dyes are divided into vat and disperse dyes, while the ionic dyes categorized as cationic dyes, which are basic, and the anionic dyes, which are acidic reactive dyes. One of the dyes that is perhaps widely used in the textile industry is methylene blue (MB) dye (C~16~H~18~C~l~N~3~S), which is a cationic synthetic dye substance and does not occur naturally. It is present in the form of green/blue powder or crystalline solid, which dissociates in aqueous solutions as chloride ions and cations.

Additionally, many studies have been investigating the effectiveness of different materials for water remediation from MB including electrochemical treatment, coagulation/flocculation, aerobic and anaerobic treatments in order to meet the water quality standards. Dyes and their corresponding breakdown products are very difficult to remediate using traditional wastewater treatment systems \[[@CR11]\]. In fact, many of the traditional methods were not successful in removing toxic pollutants from wastewater in low-energy requirement \[[@CR12]\]. The used conventional treatment methods in textile dye removal can be classified as physical, chemical, and biological treatment methods. The difficulty in dye removal from aquatic media by conventional methods is due to the stability and the complex aromatic structure of the dyes. Therefore, adsorption process is considered as a simple method for the minimization of organic pollutants to the desired level where wastewater is drained into communal sewage or directly into water \[[@CR13]\]. Wang et al. \[[@CR14]\] stated that the adsorption process can achieve elimination of dye as high as 92.17%, and can reduce the chemical oxygen demand (COD) to 91.15% in series adsorption reactors.

Various agricultural waste materials can be used as an adsorbent for water and wastewater treatment including silica, activated carbon, metal oxides, clay materials, fruit seeds, and modified compounds in the form of composites \[[@CR14]--[@CR16]\]. Choosing suitable adsorbents depends on their availability, cost, toxicity, thermal stability and pore size. Olive stones (OS) are very famous and abundant agricultural by-product in the Mediterranean region and it is extensively cultivated fruit crop around the world \[[@CR17]\]. OS is considered as biosorbent with high adsorption capacities towards many toxic compounds, good mechanical strength, and low ash content \[[@CR18]\]. Furthermore, OS is lignocellulosic biomass, which has cellulose with varying content between 30 to 34%, hemicellulose content from 21 to 28%, and lignin from 21 to 25% as major components \[[@CR19]\], in addition to significant amount of proteins and fats. As a consequence to its high carbon content, it can be converted to activated carbon by thermal decomposition, in which they are characterized for their high adsorptive properties \[[@CR16], [@CR20]\].

Several studies have highlighted the efficiency of OS to remove MB from the aquatic media \[[@CR21], [@CR22]\]. However, the efficiency of the process depends on various operating parameters, including pH, dye concentration, temperature, and particle size. Conventionally, adsorption on activated carbon (AC) derived from organic and inorganic materials has been excessively investigated to remediate different pollutants from water and wastewaters. Despite the popularity of AC in adsorption, it has poor regeneration capacities and its use and re-use is still costly. Accordingly, nanomaterials such as nano-AC are widely used in the field of environmental remediation due to their huge effects on remediation \[[@CR23]\]. Nano-remediation has recently gained popularity, which deals with wastewater treatment applications, and it is considered very efficient, eco-friendly, and cost-effective due to the unique functionalities of the nanomaterials to treat industrial effluents \[[@CR24]\]. During the remediation process, nanomaterials are used as adsorbent, which potentially remove pollutants from wastewater, and enhance the chemical and adsorption activities due to their small size and high surface area with better porosity characteristics \[[@CR25]--[@CR27]\]. Nanomaterials and commercial activated carbon have the same characteristics of large surface area, however, nanomaterials are synthesized easily at a lower cost, and they are required in a smaller amount for the effective pollutants' removal. Hence, the objectives of this paper are: i) obtaining black and green OS in nanoparticle size to be used as an adsorbent; ii) characterize the adsorbents in terms of SEM, FTIR, BET, surface area, pore radius and pore volume; iii) to utilize the obtained nanoparticle adsorbents for adsorption of MB from aqueous medium and investigate their adsorption isotherms.

Materials and methods {#Sec2}
=====================

Sample collection and preparation {#Sec3}
---------------------------------

Two representative samples of black OS and green OS were collected. The OS samples were initially washed with tap water, followed by distilled water several times to remove any impurities. After that, OS samples were dried under 150 °C for 24 h, and separately crushed into small pieces. Then, the obtained OS samples were ground into fine powder using CryoMill to obtain nanoparticles, namely black nano-olive stones (black NOS) and green nano-olive stones (green NOS). The powders were stored in containers in dry place.

Characterization of adsorbents {#Sec4}
------------------------------

The surface morphology of the prepared black NOS and green NOS were characterized and analyzed by scanning electron microscope and energy-dispersive X-ray spectroscopy (SEM-EDS-NOVA NANOSEM 450). The nano-size was detected and confirmed by using SEM magnification, which was between 100 and 200 nm. The chemical characterization of the functional group of the sample's surface was performed by FTIR (FT-IR/FT-NIR Spectrometer- Spectrum 400). The carbon, hydrogen, and nitrogen (CHN) elemental analysis was carried out using FLASH 2000-Organic elemental analysis. The elemental composition of the samples was detected by carbon, hydrogen, and nitrogen (CHN) analyzer. Moreover, 0.03 g of each black NOS and green NOS were added to 30 mL of distilled water and then kept in the mechanical shaker for 24 h to record the solution pH using a digital pH meter (JENWAY Model 370 pH/mV Meter) before and after sample shaking. Furthermore, to determine the surface area and pore size distribution of the adsorbents, the samples were first dried in an oven at 100 °C for 1 h and then BET (model Aim Sizer-AM301) was used for the analysis. Bulk density of the adsorbent was determined by adding a known mass of the adsorbent gently to a cylinder without compaction. However, particle density was measured by adding a known mass into known volume of water into the graduated cylinder and the difference between water volume values was recorded. The mass and the change of volume were recorded, and the two densities (g/mL) and porosity (%) were calculated using the following equations:
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Preparation of MB stock solution {#Sec5}
--------------------------------

Stock solution of MB was prepared by dissolving 1 g of MB in 1 L of distilled water. Various initial MB concentrations were prepared (50, 100, 200, 300, 400, 600, 800 and 1000 ppm). Blank was also included. MB calibration curve was conducted under 663 nm through measuring the absorbance for each concentration (Lambda 25 UV/VIS Spectrophotometer).

Batch adsorption of methylene blue (MB) {#Sec6}
---------------------------------------

Various remediation parameters were investigated including pH (2, 4, 6, 8, and 10), temperature (25, 35, and 45 °C) and initial concentration (50--1000 ppm). The pH was adjusted using 0.1 M of hydrochloric acid (HCl) or sodium hydroxide (NaOH). A 0.05 g of the adsorbent (green NOS and black NOS) and 50 mL of MB solution at different initial concentrations were placed in glass bottle and were shaken at 150 rpm by using a temperature-controlled shaker (Shaking Incubator, MODEL: SSI10R-2, Orbital-Shaking) for 24 h, then they were centrifuged at 40,000 rpm. All the samples were filtered, and MB concentration was determined using ultraviolet-visible (UV)-spectrophotometer (PerkinElmer Lambda 25 UV/VIS Spectrophotometer).

Adsorption isotherm of methylene blue (MB) {#Sec7}
------------------------------------------

Three models of adsorption isotherm were applied to understand the kinetics and mechanism of the adsorption process as shown in Table [1](#Tab1){ref-type="table"}. The non-linear regression root means square error (RMSE), the sun of error squares (SSE), and Chi-squares (*x*^*2*^) were used as criterion for the quality of fitting; according to Eqs. [3](#Equ3){ref-type=""}--[5](#Equ5){ref-type=""}, respectively.Table 1Adsorption isotherm models used in current study \[[@CR27]--[@CR29]\]ModelEquationParametersLangmuir adsorption isotherm$\documentclass[12pt]{minimal}
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Where q~e,exp~ (mg/g) is the experimental adsorption capacity, q~e,cal~ is the calculated adsorption capacity using an isotherm model (mg/g), and N is the number of observations in the experiment.

Statistical analysis {#Sec8}
--------------------

Single and two-way ANOVA were conducted to validate the experimental data of the effect of pH, initial MB concentration, and temperature on the adsorption of MB onto the adsorbents using Microsoft Excel for the results of adsorption experiment. Here, the effect of pH changes was studied using one-way ANOVA and the relation between the concentration and temperature was studied using two-way ANOVA. The coefficient of determination (R^2^) and Fisher's statistical test (F test) were used to examine the quality and significant of regression equation. The R^2^ was used for judging the quality or goodness of the fitted quadratic models. The R^2^ and F statistic were determined by Eqs. [6](#Equ6){ref-type=""} and [7](#Equ7){ref-type=""} \[[@CR28]\],
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Where *p* is the number of parameters in the model; *i* is an index of each of the *n* distinct *x* values; *j* is an index of the response variable observations for a given *x* value; *n*~*i*~ is the number of *Y* values associated with the *i*^*th*^*x* value; *Y*~*ij*~ is the experimental response of run *i*, replicate *j*; *Y*~*pred,i*~ is the response obtained from using the proposed polynomial at run *i* and *Y*~*mean,i*~ is the observed mean of all the replicates at run *i*.

Results and discussion {#Sec9}
======================

Chemical and physical characterization of the adsorbent {#Sec10}
-------------------------------------------------------

### Scanning Electron Microscopy (SEM) analysis {#Sec11}

It can be seen form Fig. [1a, c](#Fig1){ref-type="fig"} that NOS consists of very fine spherical shape structure, as well as the presence of porous structure which created large surface area to interact with MB molecules and enhance the adsorption. The non-uniform surface and different sizes of both green and black NOS after adsorption process were shown in Fig. [1b, d](#Fig1){ref-type="fig"}, where the surface of the adsorbent is fully covered with MB dye. It has been shown that the surface of the adsorbent was fully changed, and the pore sizes reduced. A recent study that deals with walnut shell showed that the smaller particles of the shells have larger surface area than the bulk particles, resulting in more active sites, thus significantly improving the removal percentages of MB \[[@CR8]\]. Tan et al. \[[@CR30]\] showed that the adsorption capacity for cationic dye such as MB was almost as high as 59.7 mg/g and anionic acid red dye was 45.2 mg/g. Furthermore, it was also concluded that the surface structure and charge of the dyes played an important role in the adsorption capabilities of carbon nanotubes. Shakoor and Nasar \[[@CR15]\], investigated adsorption of MB using *Citrus limetta* peel waste as low-cost adsorbent and found that as the particle size decrease, the removal efficiency increases from 93.5% to 98.2%.Fig. 1SEM images of (**a**) green NOS before MB adsorption, (**b**) green NOS after MB adsorption, (**c**) black NOS before adsorption, and (**d**) black NOS after adsorption of 600 ppm of MB dye at 25 °C

### CHN composition {#Sec12}

OS is known to have lignocellulosic components, which are cellulose, hemicelluloses, holocelluloses, and lignin in varying amounts \[[@CR31]\]. Table [2](#Tab2){ref-type="table"} shows the composition of both green and black NOS before and after adsorption of 400 ppm of MB at 25 °C, pH 10. Table [2](#Tab2){ref-type="table"} indicates the high carbon content for both green and black NOS as a major element, and very low nitrogen content. Green NOS has 52.59 %C, 6.47 %H, and 0.40 %N, while the black NOS sample has 48.76 %C, 6.18 %H, and 0.41 %N. The composition of OS agrees with the previously published data where the seed contains 45.54% of carbon, 6.28% of hydrogen, and 0.18% N \[[@CR19]\]. It was also noted from Table [2](#Tab2){ref-type="table"} that the carbon content decreased from 52.59 to 45.80% for green NOS. Similarly, the black NOS showed a decrease in carbon percentage from 48.76 to 45.79% after MB adsorption; confirming the effectiveness of MB adsorption by the green NOS. Moreover, pore volume (cm^3^/g) of the samples were shown in Table [2](#Tab2){ref-type="table"}.Table 2Elemental composition, pore size and surface area characterization of black and green NOS before and after adsorption using CHNS analyzerElement(% wt./wt., dry weight)Green NOSBlack NOSBefore adsorptionAfter adsorptionBefore adsorptionAfter adsorptionCarbon (C)52.6 ± 0.545.8 ± 0.548.8 ± 0.545.8 ± 0.5Hydrogen (H)6.47 ± 0.116.27 ± 0.116.18 ± 0.116.28 ± 0.11Nitrogen (N)0.40 ± 0.050.80 ± 0.050.41 ± 0.050.84 ± 0.05Pore size and surface area characterizationVolume of the macropores(cm^3^/g)Volume of the mesopores(cm^3^/g)Specific surface area (S~BET~ (m^2^/g)OS0.171 ± 0.0090.0355 ± 0.00111.03 ± 0.06Green NOS0.111 ± 0.0070.0564 ± 0.001410.55 ± 0.19Black NOS0.099 ± 0.0030.0646 ± 0.001911.89 ±0.38

### Fourier-transform infrared spectroscopy (FTIR) study {#Sec13}

Figure [2a](#Fig2){ref-type="fig"} shows the FTIR spectra of the green NOS before and after MB adsorption. The first broad peak stretching at 3330.92 cm^−1^ was identified as O-H hydroxyl with a single H bonded \[[@CR32], [@CR33]\]. The band at 2924.90 cm^−1^ indicates C-H alkane symmetric and asymmetric stretching. The two weak peaks that were detected at 3000 cm^−1^ were associated with the aromatic and aliphatic stretching of (C-H) mode \[[@CR34]\]. Furthermore, C=O carbonyl stretching at 1738.61 cm^−1^ indicates the presence of hemicellulose \[[@CR35]\]. In fingerprint region, strong band near 1231.21 cm^−1^ and 1030.97 cm^−1^ could be attributed to C-O stretching. After MB adsorption, the shift of bands were observed for O-H at 3339.71 cm^−1^, C-H stretching at 2923.12 cm^−1^, C=O stretching at 1740 cm^−1^, and in fingerprint region, the two strong bands also shifted to 1224.67 cm^−1^ and 1032.01 cm^−1^. This indicates the involvement of these functional groups in MB adsorption \[[@CR36]\].Fig. 2FTIR spectra of (**a**) green NOS before and after adsorption of MB 600 ppm, and (**b**) black NOS before and after adsorption of MB 600 ppm at pH = 10, 25 °C

Figure [2b](#Fig2){ref-type="fig"} shows the FTIR spectra of black NOS before and after MB adsorption. It consists of several peaks such as O-H stretching at 3329 cm^−1^, C-H alkane stretching at 2923.63 cm^−1^, C=O carbonyl stretching at 1737.90 cm^−1^, and C=C aromatic groups at 1594.89 cm^−1^. After MB adsorption, the following peaks were shifted to higher wavenumber: -OH at 3339.71 cm^−1^, C=O stretching at 1740 cm^−1^, C=C at 1597.02 cm^−1^. Figure [3](#Fig3){ref-type="fig"} shows the main functional groups and the corresponding bands for cellulose, hemicellulose and lignin \[[@CR37], [@CR38]\].Fig. 3Absorption bands for functional groups of cellulose, hemicellulose and lignin \[[@CR37], [@CR38]\]

### Bulk, particle density, porosity and pH~solution~ {#Sec14}

Bulk density of an adsorbent is the ratio of mass of the material divided by the volume occupied \[[@CR39]\]. The bulk density of the green NOS was recorded to be 0.968 g/mL while for the black NOS was 0.967 g/mL; indicating high organic matter in the adsorbent \[[@CR38]\]. The particle density of green NOS (1.428 g/mL) was higher than black NOS (1.25 g/mL). Porosity is another parameter that gives the amount of total pore spaces or void surface area. The total pore spaces percentages were found to be 32.21% for the green NOS and 22.64% for the black NOS. These values suggest how much of MB dye can pass through the adsorbents. The pH~solution~ showed the acidic nature for both black and green NOS, which were 5.29 and 5.34, respectively.

Effects of different adsorption parameters {#Sec15}
------------------------------------------

### Effect of pH {#Sec16}

It has been suggested that pH affects the dye removal performance due to the difference of ionic charges \[[@CR40]\]. It was evident that the adsorption of MB is pH dependent. Figure [4](#Fig4){ref-type="fig"} shows that the MB adsorption increased from around 38% to approximately 70% for both black and green NOS when the pH increased from 2 to 10. This indicates that the adsorption process preferred basic environment. This might be due to the dominant negative charge on the surface deprotonation that results from the presence on hydroxyl ions on the adsorbent's surface \[[@CR41]\]. Manna et al. \[[@CR42]\] stated that the low removal efficiency could be explained by the repulsion between the protonation of hydroxyl and/or carbonyl groups on the adsorbent surface and the MB positive ions. In other words, the electrostatic attractive force between the adsorbent surface and cation dye was very low due to the existence of hydrogen ions that compete on the active sites with the adsorbent. According to Mulugeta and Lelisa \[[@CR43]\], the negative charges on the adsorbent surface facilitate and provide more active sites for the adsorption. This favorable adsorption at pH 10 was also reported and suggested by different studies \[[@CR44]--[@CR46]\].Fig. 4Effect of pH on the MB adsorption by green and black NOS at 25 °C

### Effect of initial MB concentration {#Sec17}

Figure [5a](#Fig5){ref-type="fig"} shows the effect of initial concentration on MB adsorption onto green and black NOS. The percentages of MB removal were observed to be the highest at 50 ppm with 97.83% and 99.39% for green and black NOS, respectively. There was a slight decrease of MB uptake, which reached to 89.93% and 91.22% for green and black NOS, respectively. The percentage of dye removal decreased accordingly with higher concentrations. This is due to the availability of the vacant binding sites on the adsorbent surface \[[@CR47]\]. The decreasing effect of MB removal was continued to reach 69.55% and 73.81% at 200 ppm for green and black NOS, respectively. At 300 ppm, the decreasing effect continued for green NOS to 60.23%, while it remained constant for the black NOS. After this concentration, the behavior of MB removal for both adsorbents was varied. The removal efficiency of green NOS was raised again to 66.64% at 400 ppm and to 67.46% at 600 ppm as depicted in Fig. [5a](#Fig5){ref-type="fig"}, and then it decreased again to 56.13% at 800 ppm and to 54.16% at 1000 ppm. For the black NOS, Fig. [5a](#Fig5){ref-type="fig"} also shows that the removal efficiency was decreased to 55.18% at 400 ppm, and it continued to decrease until it reached 45.08% at 800 ppm, and then slight increase in the MB removal was observed at 1000 ppm, which reached to 48.88%. This gradual decrease of the MB removal and low de-colorization percentage results at high concentration may be ascribed to the inhibitory effects of high dye concentration \[[@CR48]\], and to the increase of driving force for mass transfer, as well as to the lack of required active sites for the adsorption process \[[@CR49]\]. Janoš et al. \[[@CR50]\] suggested the low concentrations of the MB dye can enhance and improve the adsorption process, whereas, high initial concentrations solubilized the dyes and kept them in solution. Moreover, higher percentage of MB adsorption and faster attainment of adsorption equilibrium was indicated at lower initial dye concentration. This finding could be attributed to the spontaneous accessibility of the unoccupied active sites on the surface of the adsorbent by the MB molecules in the lower initial concentration \[[@CR51]\]. This study on the removal of MB at different concentrations confirms the results of the previous studies, which shows the less-availability of the active sites on the surface of the adsorbent at high initial concentrations of the dye. Similar decrease of MB removal was observed by Al-Ghouti et al. \[[@CR52]\].Fig. 5**a** Effect of concentration on green and black NOS on the removal of MB at different concentrations at 25 °C, (**b**) Effect of temperature on green NOS, and (**c**) black NOS at different temperatures 25, 35, and 45 °C

### Effect of solution temperature {#Sec18}

Figure [5b, c](#Fig5){ref-type="fig"} shows the effect of solution temperatures on MB adsorption onto black and green NOS at different initial MB concentrations. Overall, it was observed that the amount of MB adsorbed decreased at higher temperature. The maximum MB adsorbed was recorded at 35 °C, followed by 25 °C. The black NOS showed similar behavior as that of green NOS. At 25 °C, the removal uptake percentage was decreased linearly from 99.39% to 45.08% with increasing the concentration from 50 to 800 ppm, while it increased to 48.88% at higher concentration. At 35 °C, the removal efficiency decreased constantly from 99.49 to 48.43% with increasing the concentration, and similar trend was noticed at 45 °C in which it decreased from 93.55 to 51.84%. However, at 25 °C, the highest adsorption of MB was recorded in low concentrations of black and green NOS at 50 and 100 ppm, respectively. This could be due to the increase in the solubility of the dye at higher temperature that perhaps decreased the interactions between the adsorbate and the adsorbent \[[@CR53]\]. Furthermore, it can also be due to the increase in the intrinsic viscosity of the solution \[[@CR54]\]. In general, the observations indicate that the removal efficiency of the black and green NOS decreased with increase in temperature due to the increase in the mobility of the MB ions, which will escape from the surface of the adsorbent \[[@CR55]\]. Similar results were observed by Manna et al. \[[@CR42]\].

Adsorption isotherm {#Sec19}
-------------------

The adsorption parameters of the three adsorption isotherm models are summarized in Table [3](#Tab3){ref-type="table"}. The best-fit model was selected based on correlation coefficient (R^2^) value, RMSE, SSE, and Chi-squares (*x*^*2*^) \[[@CR56]\]. Freundlich and Langmuir models were among the best fit for the equilibrium data. For the black NOS, the q~m~ suggested that the adsorption process is more preferable at a high temperature, While for the green NOS, q~m~ values were observed to be highest at either 25 °C or 45 °C (625 mg/g), which perhaps indicates the process either prefers a low or high temperature. On the other hand, when comparing R^2^ value of Freundlich isotherm for both black and green NOS, it is clear that the values were closer to one; reaching up to 0.992 and 0.995, respectively. According to Tang et al. \[[@CR8]\], when the value of 1/n is between 0.1 and 0.5 (0.1 \< 1/*n* ≤ 0.5); the adsorption process is assumed to be easy. In the current study, the values of 1/n were between 0.312--0.405 for the green NOS samples, and 0.286--0.451 for the black NOS, which suggests adsorption process was easy onto the surface of NOS, which is due to the distribution of energy sites. Furthermore, it is also evident that the adsorption process was more efficient using black NOS in contrast with the green NOS. In addition, the values of K~f~ for both green and black NOS decreased with increasing the temperature. The maximum adsorption capacity for black NOS was recorded at 25 °C with 64.2 mg/g, while for green NOS it was found to be at 35 °C with 58.3 mg/g. Thus, it is apparent that the adsorption process was well described by Freundlich model, which describes that the process took place on a heterogeneous surface by a uniform energy distribution and reversible adsorption \[[@CR34], [@CR57]\]. This could be due to the presence of various functional groups as well as the elemental composition of NOS that perhaps might have facilitated the adsorption process. Previous researchers showed that the maximum adsorption capacity of MB was 111.1 mg/g using cucumber peels, 309.6 mg/g using shaddock peel \[[@CR58]\], and 109.9 mg/g using banana leaves \[[@CR8], [@CR59]\]. Another dimensionless parameter that can be calculated is separation factor (R~L~), which can detect the favorability of the adsorption process. According to Pang et al. \[[@CR59]\], R~L~ values can be calculated using the following equation:Table 3Langmuir Freundlich and Dubinin-Radushkevish Parameters for Adsorption of MB on black and green NOSAdsorbentIsothermParameterTemperature, ^o^C253545Black NOSLangmuirq~m~ (mg/g)476556556K~L~ (L/mg)0.01160.008300.00680RMSE1.391.461.55SSE2.142.242.20X^2^0.1430.2350.200R^2^0.8770.8730.814Freundlich1/n0.2860.3010.451K~f~ ((mg/g)(L/g)^n^)64.256.526.0RMSE0.03210.03440.0389SSE0.01330.01560.0177X^2^0.7710.8890.879R^2^0.9560.8830.992Dubinin-RadushkevishB~D~ (mol^2^/kJ^2^)0.000420.000660.00045E (kJ/mol)34.5027.5233.33RMSE0.04110.04440.0377SSE0.01550.01860.0201X^2^0.7810.8990.889R^2^0.89000.91000.8688Green NOSLangmuirq~m~ (mg/g)625556625K~L~ (L/mg)0.007250.009280.00521RMSE2.9002.9002.790SSE0.17800.19000.1800X^2^0.98700.87900.9930R^2^0.75200.76200.8450Freundlich1/n0.40500.31200.5850K~f~((mg/g)(L/g)^n^)39.5058.3013.00RMSE0.04010.03980.0422SSE0.01420.01220.0133X^2^0.67900.68900.6650R^2^0.95300.82300.9950Dubinin-RadushkevishB~D~ (mol^2^/kJ^2^)0.00240.00170.0025E (kJ/mol)14.4317.1514.14RMSE0.03212.9200.0389SSE0.01330.20300.0177X^2^0.77100.88900.8790R^2^0.95910.63000.9256
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Where K~L~ is Langmuir constant and C~o~ is the initial concentration of MB. When the value of R~L~ is between 0 and 1, the adsorption process is favorable on the adsorbent, greater than 1 implies the process is unfavorable \[[@CR60]\]. The calculated values of R~L~ for both black and green NOS were between 0 and 1, further indicating the favorability of the adsorbent to remove the MB from water. Table [4](#Tab4){ref-type="table"} compares the MB adsorption capacity among other adsorbents from previous studies.Table 4Comparison of MB adsorption capacity among other adsorbents from the previous studies and the present studyAdsorbentAdsorption capacity (mg/g)ReferenceBlack NOS476Current studyGreen NOS625Current studyPorous chitin sorbent92.6\[[@CR61]\]Activated carbon from banana trunk167\[[@CR62]\]Activated biochar from barley malt bagasse161\[[@CR63]\]Algerian Kaolin52.8\[[@CR64]\]Acid washed black cumin seed74\[[@CR65]\]Bamboo hydrochar656\[[@CR66]\]Cotton based flexible carbon fiber aerogel102\[[@CR67]\]mesoporous birnessite-type manganese oxide113\[[@CR59]\]Activated Carbon from *Ficus carica* bast47.6\[[@CR49]\]

B~D~ in the Dubinin--Radushkevich isotherm represents the mean free energy (E) of adsorption per mole of the adsorbate (kJ/mol), and could be a useful magnitude for interpretation of the adsorption mechanisms of MB onto NOS, which can be obtained from the following equation:
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If E is less than 8 kJ/mol, then the adsorption process may be affected by physical attraction. In the case of E is between 8 and 16 kJ/mol, the adsorption process is governed by ion exchange mechanism, and for the value of E greater than16 kJ/mol may be dominated by particle diffusion phenomenon.

In order to find the most-stable MB adsorbed onto the surfaces of the black NOS and green NOS and to distinguish between the physical and chemical adsorption of MB ions, E~D~ (per molecule of adsorbate) from the Dubinin-Radushkevich adsorption model was used. For example, in the MB adsorbed onto NOS system, the E~D~ was calculated according to,$$\documentclass[12pt]{minimal}
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Where E~MB\ adsorbed\ on\ NOS~, E~NOS~ and E~MB~ are total energies of the MB ions adsorbed NOS system, the NOS surface and single MB ions, respectively. Accordingly, it can be suggested that the MB ions are easy to form onto the surface of the green NOS with the lowest free energy (E) of adsorption per mole of the adsorbate (14.43 kJ mol^−1^ at 25 °C); suggesting that the adsorption process is governed by ion exchange mechanism. This variation on E values could be related to the adsorption profile of MB ions onto the surface of the adsorbents and the MB oxidation and reduction. Once the MB adsorbed on the surface of the adsorbent may undergo an equilibrium of reduction and oxidation as shown in Fig. [6](#Fig6){ref-type="fig"}. Accordingly, the configuration would be changed according to the state of MB and the amount of energy required for adsorption.Fig. 6MB equilibrium of reduction and oxidation

Adsorption thermodynamics {#Sec20}
-------------------------

Table [5](#Tab5){ref-type="table"} shows the thermodynamics parameter of MB adsorption onto green and black NOS. It was shown that the values of Gibbs free energy (ΔG°) was decreased as temperature increased for both adsorbents, indicating the spontaneous nature of the adsorption process and the favorability of the process \[[@CR8], [@CR68]\]. The value of ΔS° was 82.35 J/mol.K; signifying the increase in the randomness of the adsorption system \[[@CR15]\]. The negative value of ΔH° for both adsorbents suggests that the adsorption process followed an exothermic pathway.Table 5Thermodynamics parameter of MB adsorption by green and black NOSTemperature (K)ΔG^o^ (kJ/mol)ΔH^o^ (kJ/mol)ΔS^o^ (J/mol.K)Green NOS298−12.67−12.6782.35308−38.05318−38.87Black BOS298−21.45−21.28108.6308−21.45318−21.46

Adsorption mechanisms {#Sec21}
---------------------

Investigating the adsorption mechanisms and adsorption-driving forces of organic molecules from aqueous solution to adsorbent's surface are of great importance. Such adsorption-driving forces might include the followings: (i) MB hydrophobicity that depresses MB from remaining in the bulk aqueous solution and (ii) specific MB-NOS surface attractions arising hydrogen bonding, electrostatic attraction, and/or electron donor-acceptor interactions \[[@CR69]\]. Such adsorption-driving forces are also described as the formation of inner sphere complexes since the NOS surface and MB approach one another close enough to facilitate overlap of the orbitals responsible for bonding. All these adsorption-driving forces are forms of physisorption since the MB-NOS surface associations do not involve the formation of new bonds.

Accordingly, the MB structure, the composition of the NOS, and the experimental conditions of the MB solution exchanging with NOS were considered. NOS is lignocellulosic biomass, which has cellulose with varying content between 30 to 34%, hemicellulose content from 21 to 28%, and lignin from 21 to 25% as major components. Based on the FTIR spectra of the black and green NOS (Fig. [2](#Fig2){ref-type="fig"}), the major functional groups on the NOS surface are hydroxyl, ether, and carbonyl.

Here, MB is attracted to NOS by Van der Waals (vdW) forces, stronger attractions per unit surface area of NOS are also observed as corresponding functional groups including hydroxyl, ether, and carbonyl are included on the NOS surface and MB that are capable of forming H-bond. However, the surface attraction energy for an H-donor and H-acceptor adsorbate like water are very strong; inferring that NOS might prefer to bind water over MB molecules. Fig. [7](#Fig7){ref-type="fig"} shows the schematic views of various ways in which MB adsorbed onto NOS solids: MB partitioning from water to the layer of "vicinal water" adjacent to NOS surface, and adsorption of MB^+^ molecules from water to NOS charged surfaces due to electrostatic attractions, and the possible MB interactions onto the green/black NOS surface.Fig. 7**a** schematic views of various ways in which MB adsorbed onto NOS solids: MB partitioning from water to the layer of "vicinal water" adjacent to NOS surface (left), and adsorption of MB^+^ molecules from water to NOS charged surfaces due to electrostatic attractions (right) \[[@CR69]\], and **b** possible MB interactions onto the green/black NOS surface

Statistical analysis {#Sec22}
--------------------

Statistically designed experiments were used to examine the overall effect of the parameters. In order to check the significance of each of the coefficients and to understand the pattern of the mutual interactions between the tested parameters, the *P* values were used. The smaller the magnitude of P values and the larger the magnitude of F-test value, the higher the significance of the corresponding coefficient. As shown in Table [6](#Tab6){ref-type="table"}, that the *p* values of both adsorbents for pH parameter is smaller than 0.05, in which the p value of black NOS is 2.078 × 10^−5^ and the p value of green NOS is 2.975 × 10^−5^, indicating that the samples are significantly different. The p values for the effect of pH for black and green NOS were 2.078 × 10^−5^ and 2.975 × 10^−5^, respectively, which are below the *P* = 0.05; showing significance exists as shown in Table [6](#Tab6){ref-type="table"}. In addition, the P value for concentration were smaller than 0.05 implying the significant difference exists. All F-values for all parameter were high.Table 6ANOVA analysis for MB adsorption onto black NOS and green NOSParameterF-value*P*-valueF-critpH (black NOS)78.512.078 × 10^−5^5.318Initial MB concentration (black NOS)6.7312.63 × 10^−5^2.130pH (green NOS)71.172.975 × 10^−5^5.318Initial MB concentration (green NOS)89.231.27 × 10^−15^2.423

Conclusion {#Sec23}
==========

The result obtained successfully demonstrates the potential of using black and green NOS as suitable adsorbents for the removal of MB from water. The present study was conducted to test the efficiency of the NOS as a low-cost and economic adsorbent for the adsorption and removal of MB dye from water. It was found that alkaline conditions increased the percentage removal of the MB dye as the highest efficiency of removal was observed at pH 10. The adsorption process was best fitted by Freundlich model, which explain the multilayer sorption on heterogeneous surfaces. Furthermore, the negative values of ΔG° indicated the spontaneous nature while the positive value of ΔS° explained the increase in the randomness. From negative value of ΔH°, it seemed the process followed an exothermic pathway. The Freundlich adsorption capacity was found to be 64.16 (mg/g)(L/mg)^1/n^ at 25 °C using black NOS. It was found that the nano-sized material can enhance the adsorption capabilities compared with other adsorbents, and it exhibits a potential to be used as a commercial adsorbent to treat water efficiently and cost-effectively.
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